1. The presence of palmitoyl-CoA-L-glycerol 1-phosphate palmitoyltransferase (EC2.3.1.15) has been demonstrated in a particulate fraction of baker's yeast. 2. The enzyme has been characterized, and its activity studied as a function of pH and concentration of substrates. 3. Inhibition by thiol poisons and protection by acyl-CoA have been used to obtain information on the active site. 4 . By various methods of supplying acyl radicals, the species 'palmitoyl-CoA' has been shown to be the true acyl donor to the transferase.
Soon after the discovery of CoA and its role in acetate activation (for review see Decker & Lynen, 1960) , Kornberg & Pricer (1953a) demonstrated a similar ATP-dependent enzyme in guinea-pig liver for the activation of long-chain fatty acids as their CoA thio esters. Measuring the incorporation of L-glycerol 1[32P]-phosphate into an acid-insoluble ethanol-soluble form, Kornberg & Pricer (1953b) described its esterification by acyl-CoA to give phosphatidic acid. Stansly (1955) later developed a more rapid optical assay based on the acidinsolubility of palmitoyl-CoA and the solubility of the free CoA released by palmitoyl transfer to the glycerol 1-phosphate.
Several other compounds have since been shown to be enzymically acylated by long-chain acyl-CoA, including monoglyceride (Senior & Isselbacher, 1962) , diglyceride (Weiss, Kennedy & Kiyasu, 1960) , oc-and ,B-lysolecithin (Lands & Merkl, 1962) , a-and P-lysoethanolamine phosphatide (Merkl & Lands, 1962) and lysophosphatidylinositol (Keenan & Hokin, 1962) . Despite the importance of the ' monoglyceride pathway' in certain tissues, it remains probable that the formation of complex lipids requires phosphatidic acid as an intermediate, arising in the manner shown by Kornberg & Pricer (1953b) .
In the studies cited, acyl groups were supplied either as their CoA thio esters or as the free acid together with ATP, Mg2+ ions and CoA. In view of the importance of the formation of fatty acids by fatty acid synthetase(s), we have investigated whether their use in glyceride synthesis requires their CoA thio esters as intermediates, or whether there could be direct acyl transfer from the fatty acid synthetase (referred to below as 'synthetase') * Present address: Department of Biochemistry, University of Oxford. to the glyceride-synthesizing enzyme. The choice of a yeast system appeared suitable since yeast fatty acid synthetase forms a high-energy thio ester with its product before a reversible transacylation of the latter on to CoA.
We report below the isolation from baker's yeast of an acyl-CoA-L-glycerol 1-phosphate acyltransferase (EC2.3.1.15), referred to below as 'transferase ', together with a study of its properties and the exact form of the acyl group accepted as substrate. METHODS Yeast preparation. Pressed baker's yeast (10 g.) was
shaken for 11-2 min. at 40 with 30 g. of Ballotini beads and 25 ml. of 0-lM-sodium phosphate buffer, pH 6-5, containing EDTA (2 mM), in the apparatus described by Merkenschlager, Schlossmann & Kurz (1957) . The homogenate was used either directly after decantation from the beads or after fractional centrifugation. A8say methods. Incorporation of glycerol 1[32P]-phosphate was measured by the method of Kornberg & Pricer (1953b) , the final extracts being dried on aluminium planchets and counted in a gas-flow counter. In all cases where only a small amount of enzyme preparation was used, 5 mg. of crystalline bovine serum albumin was added to the incubation mixture.
Release of free CoA from palmitoyl-CoA was measured optically by the method of Stansly (1955) . The material absorbing at 260 m,u gave an absorption spectrum identical with that of commercially obtained CoA.
Thin-layer chromatography. Plates were prepared by shaking 20 g. of Kieselgel G (E. Merck A.-G., Darmstadt, Germany) with 40 ml. of water for 1 min. and distributing the slurry on glass plates with the apparatus marketed by Desaga (Heidelberg, Germany) . After a few minutes the plates were placed in an oven at 1100 for 20 min. After cooling, they were stored in a desiccator over silica gel till required. ug. of Colowick & Kaplan (1957) . (AMP may be replaced by ADP.) Samples were removed to follow the disappearance of non-esterified phosphate. Finally the reaction mixture was made 3% with respect to perchloric acid, the precipitate removed by centrifugation and the pellet re-extracted twice with 1-0 ml. volumes of 3% perchloric acid. The combined extracts were adjusted to pH 7 with KOH solution and the precipitate of potassium perchlorate was removed by centrifugation. To the supernatant were then added 1-0 ml. of glycine-hydrazine buffer, pH 9-8, containing MgCl2 (Wieland, 1963) , 0-5 ml.
of 10 m-glycerol, 0-1 ml. of 5% (w/v) (0.04% in 95% ethanol, made just alkaline with 1 N-NaOH).
Inorganic phosphate, glycerophosphate and adenine nucleotides were all well separated, migrating in that order.
The paper was scanned in an end-window strip counter and showed a single peak coinciding with the glycerophosphate spot. The soln. of barium glycero[32P]phosphate was passed through a column of Dowex 50 resin (K+ form) to replace Ba+ ions by K+. The resulting soln. of potassium glycero[32P]phosphate was assayed enzymically for L-glycerol 1-phosphate (Hohorst, 1963) , and used directly for incorporation studies.
(b) Phosphatidic acid. Egg lecithin, prepared by the method of Pangborn (1951) , was hydrolysed with phospholipase D, purified from Savoy cabbage (Davidson & Long, 1958) as far as the acetone precipitation stage. A reaction mixture containing lecithin (200 mg.), phospholipase D (20 ml.), diethyl ether (20 ml.), 1M-sodium acetate buffer, pH 6-5 (5 ml.), and 1M-CaCl2 (5 ml.) was shaken in a dark glass-stoppered bottle for 4 hr. at room temperature. Subsequent extraction of the phosphatidic acid followed the description of Kates (1954) , and yielded 177 mg. of dry disodium phosphatidate. Analysis for ester content (Stern & Shapiro, 1953) , organic phosphorus (Allen, 1940 ) and L-glycerol 1-phosphate (alkaline hydrolysis followed by enzymic determination) gave in all cases the values expected for disodium 2.linoleoyl-1-stearoylglycerol 3-phosphate. In the system of thin-layer chromatography described above, phosphatidic acid from egg lecithin migrates as an elongated spot with approximate RF0-25 or 0-50, depending on whether lined or unlined chambers are used. All preparations have also been found to contain a second minor component with smaller Rp. Since lysophospholipids generally move behind their parent phospholipids on silicic acid and the lecithin was known to contain a lysolecithin contaminant, this second spot is likely to be lysophosphatidic acid. Attempts to prepare pure lysophosphatidic acid were unsuccessful. We were unable to degrade the diacyl derivative completely either with snake-venom phospholipase A or by acid treatment. However, a partial deacylation was achieved, as evidenced by a fall in ester value, and a concomitant increase in the size of the second component was observed. Like Lands & Hart (1964) we were able to phosphorylate 1-monoglyceride with phosphorus oxychloride and isolate an ethanol-insoluble sodium derivative with the theoretical ester and phosphorus values. However, analysis by thin-layer chromatography revealed, apart from several trace components, two major components migrating respectively faster and slower than phosphatidic acid. The slower component moved parallel with the presumed lysophosphatidic acid. It is possible that the faster component is a cyclic phosphate derivative.
(c) Acetyl-CoA. This was prepared and assayed as described by Ochoa (1955) .
(d) Malonyl-CoA. This was made from S-malonyl-Noctanoylcysteamine, kindly provided by Dr Eggerer, according to the method of Eggerer & Lynen (1962) . It was assayed both with purified synthetase, measuring NADPH disappearance, and by the hydroxamate method.
(e) Palmitoyl-CoA. This was prepared by the method of Seubert (1959) and assayed by the absorption of the adenine ring at 260 mu.
(f) Oleoyl-CoA. This was prepared by a slight modification of the method for palmitoyl-CoA, in the absence of thioglycollic acid. After esterification of all thiol groups, the chilled alkaline suspension was extracted twice with diethyl ether, to remove tetrahydrofuran, and the aqueous phase was acidified with HCl and extracted five times with Vol. 94light petroleum. The solvent was removed under a stream of nitrogen and the aqueous phase was adjusted to pH 6 with KOH. The oleoyl-CoA was assayed either by the hydroxamate method or by determining the CoA content (by its absorption at 260 m,u) before and after acidification with 3% perchloric acid in the presence of serum albumin. After acidification, the oleoyl-CoA was precipitated with the protein and could be removed by centrifugation.
(g) NADPH. This was used for synthetase assays, and was prepared by reduction of NADP by acetaldehyde in the presence of purified yeast acetaldehyde dehydrogenase (Seegmiller, 1955 RESULTS Isolation and characterization of yeast transferase Cellular distribution. The method of cell rupture used allowed no detailed assignment of activity to particular cell organelles. However, the particulate fraction sedimented by centrifugation at 100000 g for 60 min., and subfractions of this, were active, whereas the supernatant was virtually inactive. For subsequent routine studies the crude homogenate was centrifuged at 500 g for 90 min. to -remove whole cells and cell debris, the supernatant being decanted off and centrifuged for 60 min. at 100000 g in the Spinco model L preparative ultracentrifuge. The clear supernatant was discarded and the sediment was twice washed by suspension and reprecipitation in the same manner. It was finally resuspended in the original volume of 0 1M-sodium phosphate buffer, pH 6*5, containing EDTA (2 mM).
The ultraviolet-absorption spectrum of a washed particle suspension showed a broad shoulder spanning 280 m,u, but with little suggestion of absorption at 260m,u.
Ultrasonic we investigated the kinetics with respect to the two substrates. Fig. 1 shows the effect of varying palmitoyl-CoA concentration. A linear relation holds up to about 0-36 mm-substrate, after which sharp inhibition sets in. Oleoyl-CoA, which also stimnulated incorporation of glycerophosphate, gave V 4PHOSPHATIDIC ACID SYNTHESIS IN YEAST exactly the same effect with a peak at 0*53 mM concentration.
The dependence on glycerophosphate concentration is shown in Fig. 2 . Stansly's (1955) assay was used, and concentration is expressed in terms of L-glycerol 1-phosphate. Graphical evaluation of the Michaelis constant by the Lineweaver-Burk method gave Km 10 mm. This very high Km is in contrast with the clearly greater affinity of the enzyme for acyl-CoA compounds.
The specific activity at optimum concentrations of both substrates was found to be 0 041 ,umole of CoA released/min./mg. of organic matter at pH 6-5. The oxidation equivalent of the yeast preparation was determined by Johnson's (1949) method, and his conversion factor for yeast taken for conversion to a weight basis.
Dependence on pH. With Stansly's (1955) assay, the release of CoA from palmitoyl-CoA by the enzyme was measured as a function of pH in the presence and absence of glycerophosphate. In Fig. 3 the curve obtained in the absence of glycerophosphate shows the expected increase of substrate hydrolysis with rising pH. Absorption at the lowest pH is due to some material extracted from the yeast particles by the 3% perchloric acid used in the assay.
Although the values at high pH are probably due to a mainly non-enzymic hydrolysis, the rising values below pH 7 are better accounted for by a deacylase, which may or may not be identical with the transferase.
The curve in Fig. 3 showing the extra CoA release in the presence of glycerophosphate exhibits a broad optimum around neutrality, with rather slow falling off on the acid side. A comparable curve, with a shift to higher pH, was obtained by Stansly (1955) with the mammalian enzyme. Two buffers were used to obtain the curve, overlapping at pH 5*7. Correction by a factor of 0-76 was needed to bring values for one buffer on to the scale of the other.
Inhibition by thiol poison8. As may be expected for this enzyme, it is sensitive to specific thiol poisons. Prior incubation of the enzyme with the poison for 15 min. at 300, followed by removal of excess of poison with cysteine, resulted in a marked loss of enzyme activity with N-ethylmaleimide (see Table 1 ); OOlm-iodoacetamide at the same pH of 6*5 (which is not ideal for this reagent) gave 25% inhibition. As also shown in Table 1 , the addition of palmitoyl-CoA to the enzyme before the addition of poison results in a high degree of protection of the enzyme. In a similar manner there was complete protection against 'O1M-iodoacetamide.
These results support, but do not prove, a simple scheme for the reactions catalysed by the transferase:
Palmitoyl-CoA+ Enzyme 1 SH Palmitoyl * S-Enzyme + CoA (1) Pahnitoyl * S .Enzyme + glycerophosphate Phosphatidic acid+ Enzyme .1SH (2) The oleoyl-CoA-dependent reaction was inhibited to about the sane extent by N-ethylmaleimide, and was similarly protected by preincubation with oleoyl-CoA. Owing to the inhibition by excess of acyl-CoA, competition experiments with these two substrates could not be done to determine whether one or two enzymes are involved. However, with sub-optimum acyl-CoA concentrations it was shown that preincubation of the particles with oleoyl-CoA protected the palmitoyl-CoA-dependent incorporation of glycero [32P] phosphate from N-ethylmaleimide poisoning and vice versa. The results for protection of palmitoyl-CoA-dependent activity are given in Table 2 . Though the sum of the values for tubes (a) and (c) is slightly lower than the value for tube (d), it is clear that a preincubation of the yeast particles with oleoyl-CoA protects not only the oleoyl-CoA active site but also the palmitoyl-CoA active site. This would suggest that the two sites are identical, though it remains possible that each type of acylCoA can combine reversibly with each oftwo distinct sites, yet be transferred to glycerophosphate only from the one. More concrete information must await purification of the enzyme.
Specificityfor substrates. As a result of using both palmitoyl-CoA and oleoyl-CoA to esterify glycerophosphate, the following comparisons can be made of these two substrates:
(a) At equal concentrations, and under the same conditions, both stimulate about the same incorporation of glycerophosphate.
(b) Both substrates cause severe inhibition in excess amounts, palmitoyl-CoA above 0-36 mm and oleoyl-CoA above 0-53 mM.
(c) Both reactions are inhibited to about the same extent by N-ethylmaleimide, and are protected by preincubation with acyl-CoA. The two acyl-CoA compounds exert mutual protection.
The evidence to date therefore seems to indicate that the yeast particles cannot distinguish between these two substrates. As shown below, myristoylCoA is also utilized, though no direct comparison of activity was made.
No substrate has yet been found to replace the glycerophosphate. Glycerol, cholesterol, ergosterol, D-glucosamine, D-galactosamine and ethanolamine were allinactivein Stansly's (1955) assay. However, the sterols might not have been properly in solution.
Nature of product. From the nature of the assay, the reaction studied cannot have involved any dephosphorylated product of esterified glycerophosphate. Two experiments were done to see whether a mono-or a di-acylated glycerophosphate was the product. First, the time-course was followed, the extent of reaction at several times being measured simultaneously, in the same vessel, by incorporation of glycerophosphate and by glycerophosphate-stimulated CoA release. In both of two identical experiments, the CoA/glycerophosphate ratio was 1-5. This compares with the value (1-3) found in rat liver by Brandes, Olley & Shapiro (1963) , who concluded that a mixture of mono-and di-acylated glycerophosphate was indicated.
However, chromatography of our labelled product on a thin layer of Kieselgel G in the presence of carrier phosphatidic acid revealed only a single radioactive component, migrating with the spot tentatively identified as lysophosphatidic acid.
Experiment8 with enzymically generated acyl groups CoA derivative as obligatory acyl donor. It was shown that the activated palmitoyl group could be provided by either of two enzymic systems in situ. As a demonstration of fatty acid activation, Table 3 shows that incorporation of glycero[32P]phosphate with a crude yeast homogenate occurs when palmitate, ATP, magnesium chloride and CoA are provided. The yeast preparation was the supernatant after centrifugation at 1000 g for 15 min. The omission of CoA leads to nearly complete loss of incorporation. This suggests that the immediate acyl donor is not an AMP derivative as with amino acids, but the CoA thio ester, as for acetate.
The use of myristate instead of palmitate in the above system gave 37% incorporation of glycerophosphate (palmitate 100%). The same crude yeast homogenate also contains an active fatty acid synthetase, and glycerophosphate incorporation could be induced by the addition of acetyl-CoA, malonyl-CoA and an NADPHgenerating system. The addition of purified synthetase gave no further stimulation, showing that the endogenous concentrations were already in excess. With a washed particle preparation, good dependence on the several substrates of this enzyme was obtained, confirming the origin of the palmitoyl groups.
Studies on the purified synthetase (Schweizer, 1963; Hagen, 1963) difference in the specificities of different functions of the synthetase was used to set up a system whereby the synthetase could be charged with acetyl and malonyl groups, yet could not produce palmitoyl-CoA unless free CoA was further added. With such substrates, the assay ofthe synthetase by measuring NADPH disappearance shows that it continues to function, and unpublished experiments by I. Hopper-Kessel indicate that free palmitate is released. Fig. 4 shows that, when fatty acids are supplied to the transferase by such a system, the incorporation of glycero[32P]phosphate is entirely dependent on added CoA. The maximum incorporation approached the value obtained when acetylCoA and malonyl-CoA were supplied at the same concentrations.
The CoA requirement confirms that the species 'palmitoyl-CoA' is an obligatory intermediate in the transfer of a palmitoyl group from fatty acid synthetase to the transferase, and that 'palmitoylsynthetase' is not the immediate donor to the transferase. DISCUSSION The exclusion of fatty acid synthetase as direct acyl donor to the transferase that produces phosphatidic acid throws open the question of the spatial distribution of these two enzymes within the cell. Since the mediation of low-molecular-weight easily-diffusible CoA guarantees the transfer of activated fatty acids from one protein to the other, even over a relatively large distance, no absolute need seems to exist for these two enzymes to be spatially adjacent to one another in the living yeast cell. Whether, despite this, such an orientation does exist in vivo cannot yet be decided. However, centrifugation of the broken cells separates the enzymes into distinct fractions: the synthetase remains in the soluble supernatant, whereas the transferase is bound to the particulate matter sedimenting at 100000g.
The apparent inability of the transferase to distinguish between saturated and unsaturated acyl groups is consistent with work by Lands & Hart (1964) 
